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© A wavelength division photonic switch. 

@ This invention describes a method of transmit- 
ting data through a passive central switching fabric, 
where data can be transmitted from any input port of 
the fabric to any output port of the fabric. The 
switching fabric has N multiplexors and N demul- 
tiplexers. The input ports of the demultiplexers are 
the input ports of the fabric, while the output ports of 
the multiplexors are the output ports of the fabric. 
The outputs of each demultiplexer lie in a horizontal 
plane, while the inputs of each multiplexor lie in a 



vertical plane. The outputs of the demultiplexers in 
the horizontal planes are butted against the inputs of 
the multiplexors so as to establish optical contact 
between the outputs of the demultiplexers and the 
inputs of the multiplexors. Modulated wavelengths 
are then demultiplexed and multiplexed in such a 
fashion so as to allow data from any input port of the 
switching fabric to be transmitted to any output port 
of the switching fabric merely by modulating a cor- 
responding one of N wavelengths. 
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A WAVELENGTH DIVISION PHOTONIC SWITCH 



The present invention relates to optical switch- 
ing systems and in particular to wavelength division 
multiple access switching systems which use mul- 
tiple wavelengths to route data from a multiplicity 
of input nodes to a multiplicity of outputs nodes. In 
this system the switching is achieved, in part, by 
means of wavelength assignment schemes and by 
passive multiplexing and demultiplexing devices in 
the switching network itself. 

In recent years the rapid increase in transmis- 
sion speed introduced by the use of optical fibers 
has emphasized the need for high speed optical 
switches (see [13]) and such products are (e.g., 
NEC NEOX32 photonic switching system), or will 
be made commercially available. Multiple optical 
switch structures have been investigated (see [14] 
or a brief review), and as these structures consist 
of Time Division, Space Division and Wavelength 
Division switches. Optical switches fall into two 
major categories: non-integrated and integrated 
switches. 

Non-integrated switches are typically intended 
for applications which do not require high speed 
reconfiguration. Such systems can be simple me- 
chanical fiber switches [3, 16] or use piezo-electric 
or even holographic arrays [1, 7]. Most advanced 
optical switches are, however, integrated switches 
that rely on optical couplers, splitters 
(demultiplexers) and combiners (multiplexors). Ear- 
ly work on such integrated optical switches con- 
centrated on space switches where electronically 
controlled crosspoints achieved connectivity be- 
tween inputs and outputs [2,4 - 6, 10, 12, 15, 19, 
20]. However, as the number of wavelengths at 
which lasers and optical fibers could operate in- 
creased, wavelength based switches became fea- 
sible [8]. One major advantage presented by this 
latter class of switches is that control of the switch 
can now be distributed to the inputs or outputs 
rather than be centralized. This helps overcome the 
speed limitation of electronic controllers to take full 
advantage of the high speed available from optical 
technology. 

Wavelength division based switching systems 
fall into two categories: active and passive switch- 
es. Active switches require that the inputs/outputs 
of the switch are capable of adjusting the 
wavelength at which they are transmitting/receiving. 
This requires active components such as tunable 
lasers/filters. Examples of such systems are given 
in U.S. Pat No. 3,912,876 to J.J. Mulier, issued 
Oct. 14, 1975; in U.S. Pat. No. 3,986,020 to H. W. 
Kogelnik, issued Oct. 12. 19/6 and in U.K. Hat. ino. 
GB 2.043,240 A to A.M. Hill, issued Oct. 1, 1980. 
The use of active devices not only limits the recon- 



figuration time of the switches, but also requires 
coordinated control between ail inputfoutput con- 
nections. For example, in a system where tunable 
lasers are used at the inputs, the case where two 
5 inputs tune to the same wavelengths and contend 
for the same output must be avoided. Similar prob- 
lems exist when tunable filters are used at the 
outputs. 

Passive optical switches avoid active compo- 

10 nents by using fixed input to output wavelength 
assignments so that the switching function does 
not require any modification of either the switch 
fabric or the input and output adapters, and also 
avoids the need for control elements. Such a sys- 

15 tern has been described in Japanese Pat No. J A 
60-237793 to K. Nagashima, issued No. 1984. This 
patent uses a cyclic wavelength assignment 
scheme which allows simultaneous communica- 
tions between ail inputs and all outputs. An N x N 

20 switch requires a set of N distinct wavelengths 
{W1.....WN} and an input is assigned distinct 
wavelengths to transmit to each of the N outputs. 
The output wavelength assignment is cyclically 
shifted from input to input to ensure that no outputs 

25 receive the same wavelength from different inputs. 
The cyclic assignment scheme is, however, entirely 
independent of the type of multiplexors and demul- 
tiplexers used in the system, and does not attempt 
to make use of their structure and characteristics. 
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It is, therefore, an object of this invention to 
provide a wavelength division-based switching sys- 
tem with fixed wavelength assignment schemes 
10 that take advantage of the characteristics of the 
multiplexors and demultiplexers. This results in a 
simple and compact structure for the switch fabric 
and allows for a high level of integration. 

It is also an object of this invention to provide a 
75 passive integrated wavelength division optical 
switching system for a wavelength division switch- 
ing network. 

It is another object of this invention to use N 
distinct wavelengths to allow simultaneous and 

20 contention free transmission between all input and 
output ports of an N x N switching system. In the 
description of the preferred embodiment, it is as- 
sumed that N = 2 n where n is an integer, but other 
values are feasible. 

25 It is another object of this invention to provide 

a wavelength assignment scheme taking into ac- 
count the structure and characteristics of the de- 
multiplexors and multiplexors to eliminate line 
cross-connections in the switch fabric. This assign- 

30 ment is, in particular, detailed for demultiplexers 
and multiplexors made up of Mach-Zehnder filters 
of the interferometer type. 

It is a further object of this invention to provide 
a method to arrange the demultiplexers and mul- 

35 ti plexors used in the switch fabric to obtain an 
integrated and compact structure. This method is 
again detailed for demultiplexers and multiplexors 
made up of Mach-Zehnder filters of the interfero- 
meter type. 

40 In this invention, a number of (A/) of input 

nodes having a plurality of sources are connected, 
through a central switching fabric, to a number (A/) 
of output nodes consisting of a plurality of destina- 
tions. Each input node has the capability to send 

45 data simultaneously to all output nodes and, con- 
versely, each output node can receive data simulta- 
neously from ail input nodes. Each input node uses 
an input interface to the switch fabric. The interface 
modulates wavelengths with data according to their 

50 intended output node. Similarly, each output node 
uses an output interface which identifies data re- 
ceived at a particular wavelength as originating 
from a given input node. 

In the input interface, data for each of the N 

55 output nodes are forwarded to optical transmitters 
(e.g., lasers) operating at different wavelengths, 



Roberts and P.N. Robson, "All Optical Multiple- 
Quantum-Well Waveguide Switch," Electronics 



Each individual data stream is used to modulate its 
own transmitter, and the N resulting modulated 
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wavelengths are then multiplexed and sent over a 
single fiber to the central switch fabric. 

In the central switch fabric the optical signals 
coming from each input interface are received at a 
switch input port, which is actually the input port of 
a demultiplexer of the fabric. The signals are then 
demultiplexed and recombined or multiplexed ac- 
cording to their intended output node, before being 
forwarded to the corresponding switch output port, 
which is actually the output port of a multiplexor. 
The input node to output node wavelength assign- 
ment ensures that no two input nodes use the 
same wavelength to communicate with a given 
output node. In addition, the wavelength assign- 
ment is such that the demultiplexers and multiplex- 
ors used in the central switch fabric can be simply 
stacked and butted so as to achieve an integrated 
and compact structure. This aspect is detailed later 
in the description of the preferred embodiment 

The assignment scheme of this invention is 
particularly significant in that it allows for the com- 
pact structure of the switch fabric. This scheme is 
effected by the demultiplexers of the switching 
fabric. To describe the assignment scheme the 
method of demultiplexing N = 2 n modulated 
wavelengths will be described for one of the de- 
multiplexors of the switching fabric, and the assign- 
ment scheme for each other of the N demultiplex- 
ers can easily be derived from the assignment 
scheme for the one demultiplexer. First, N modu- 
lated wavelengths are demultiplexed by one of the 
demultiplexers by separating the N modulated 
wavelengths at a first branch point of the demul- 
tiplexer into two distinct first subgroups, each hav- 
ing N/2 modulated wavelengths. Each first subg- 
roup is then assigned to one of a pair of first 
branches extending from the first branch point. 
Each first subgroup of N/2 modulated wavelengths 
is further separated at a corresponding second 
branch point on each one of the first branches into 
two distinct second subgroups of N/4 modulated 
wavelengths resulting in four distinct second subg- 
roups. Each second subgroup is then assigned to 
one of a pair of second branches extending from a 
corresponding second branch point. This separa- 
tion continues as above until each n-th subgroup 
has only one modulated wavelength therein. The n- 
th branches of the demultiplexer are the N outputs 
of the demultiplexer. Thus, for the one demul- 
tiplexer an assignment scheme of subgroups to 
branches is formed. N modulated wavelengths are 
demultiplexed in the same manner as described 
above for each other of the N multiplexors; how- 
ever, the assignment scheme for the other demul- 
tiplexers is a permutation of the assignment 

Qphftmc> fnr thp nnfl rifimiiltiplfiynr with thp a<reir)n- 



ment scheme of subgroups to branches being dif- 
ferent for each of the N multiplexors. The assign- 



ment scheme does, however, have certain restric- 
tions. First, no two outputs (n-th branches) in the 
same output position of any two demultiplexers 
have the same wavelength assigned thereto. Sec- 
5 ond, each subgroup for each assignment scheme 
still have the same wavelengths therein. Third, and 
finally, each pair of subgroups assigned to 
branches extending from a common branch point 
must always be assigned to branches extending 
10 from a common branch point in any assignment 
scheme. Using the above assignment scheme, 
along with its restrictions, if the modulated 
wavelength appearing on each output of each de- 
multiplexor corresponds to a modulated wavelength 
75 assigned to each output (n-th branch), there will be 
N horizontal planes with N distinct modulated 
wavelengths appearing in each plane. In addition, 
for any given output position in the N horizontal 
planes, there will be N distinct modulated 
20 wavelengths. Since the same output position in N 
horizontal planes lies in a vertical plane, there will 
be N distinct modulated wavelengths in each of the 
N vertical planes. The N modulated wavelengths in 
each vertical plane are then multiplexed so that a 
25 signal having N modulated wavelengths appears at 
the output port of each multiplexor. 

The optical signal coming out on the optical 
fiber at each output port of the switch fabric has N t 
one per input node, distinct modulated 
30 wavelengths. This signal is forwarded to a given 
output node where an output interface demul- 
tiplexes the N incoming modulated wavelengths 
and applies each of them to its own receiver. The 
original data coming from the N input nodes are 
35 then recovered and forwarded to their respective 
final destinations. 

The different aspects and components of the 
invention are better understood with reference to 
the detailed drawings described below. For simplic- 
40 ity and clarity the number N of input and output 
nodes has been fixed to four (4) in all drawings. It 
should, however, be clear that this choice is for 
illustration purposes only and that the concepts can 
be extended to any value of N. 
45 FIG. 1 is a block diagram of the embodiment of 
a switching system as described in the present 
invention. It consists of 4 input nodes, 4 input 
interfaces, a central switch fabric, 4 output inter- 
faces and 4 output nodes. Each input interface 
so is connected to the optical switch fabric by a 
dedicated optical fiber. Similarly, outgoing dedi- 
cated optical fibers connect the optical switch 
fabric to the 4 output interfaces which are, in 
turn, connected to their respective output node. 
55 FIG. 2 is a block diagram of an input interface 
suit a b l e for use in th e Wav e length Divi si on 



Switching Network system shown in FIG. 1. 
FIG. 3 is a representation of a demultiplexer of 
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the switch fabric used in this invention. 
FIG. 4 is a table showing the corresponding 
between wavelengths, to be modulated and 
transmitted, and a given input port and selected 
output port. 

FIG. 5 is a schematic illustration of a 4 x 4 
central switching fabric with 4 demultiplexers 
each of whose outputs lie in a horizontal plane. 
Also shown are the inputs of two of the four 
multiplexors, each of whose inputs lie in a verti- 
cal plane. 

FIG. 6 is a block diagram of an input interface 
suitable for use in the switching system shown 
in FIG. 1. The output interface assumes again 
that the central switching fabric has 4 inputs and 
4 outputs. 

The embodiment of the invention described 
below is in the context of a switching system for a 
digital network. An overview of the wavelength di- 
vision switching network system is first provided 
with reference to FIG. 1 while a more detailed 
description is given with reference to FIGS. 2-6. 
For simplicity, the size of the system is taken to be 
N = 4, and this number is used in all figures. 

In the system described in FIG. 1, four 
input/output nodes (111-114/131-134) labeled A 
through D, have ports coupled to the central 
switching fabric through input/output interfaces 
115-118/135-138 so that any input node may com- 
municate with any other output node. Also sche- 
matically illustrated in FIG. 1 are the input ports 
151i-154i and output ports 160o-164o of the central 
switching fabric 150. Each of the input ports are 
actually input ports of demultiplexers of the switch- 
ing fabric, while the output ports are actually output 
ports of the multiplexors of the switching fabric. 
Each input/output interface is, on one side, coupled 
to the corresponding input/output node while the 
other side is connected to the switch fabric 150 by 
means of an otpical link. With reference to FIG. 1 , 
optical links from input interfaces A through D are 
represented by the links 151-154 respectively. 
Similarly, the optical links from the central switch- 
ing fabric to output interfaces A through D are 
represented by the links 161-164 respectively. In 
this embodiment of the switching system, the op- 
tical channels consist of single mode fibers. Other 
types of fibers could possibly be used. 

Each input interface receives data from its in- 
put node destined to any.of._the. N output nodes. 
Data destined to different output nodes are forwar- 
ded to optical transmitters operating at different 
wavelengths such that, for every input interface (or 
input port), each wavelength is uniquely associated 
to a given output interface (or output port), and no 
two inpu t intorfarpg (nr input ports) iisq the same 



wavelength to communicate with a given output. A 
particular wavelength assignment satisfying these 



requirements while taking into account the structure 
of the multiplexors and demultiplexers used is de- 
tailed below. Each input interface also receives a 
clock signal (e.g., MCKA for input interface 112) 

5 from its input node. This clock signal is used to 
generate the various clocks needed in each input 
interface. It should be noted that the clock signals 
provided by the different input nodes to the input 
interfaces need not be identical. In other words 

io MCKA, MCKB, MCKC and MCKD can all be dis- 
tinct. This allows the system to operate asynchro- 
nously. 

In each input interface a multiplexor multi- 
plexes the optical signals at different wavelengths 

75 destined to different output nodes. The output of 
each input interface (115-118) is coupled to one of 
the optical fiber links (151-154). Each outgoing 
optical link is connected to one of the input ports 
151i-154i of the cen trai switching fabric 150. With- 

20 in the central switching fabric 150, the optical sig- 
nal, having N modulated wavelengths from each 
input port is first demultiplexed into its N distinct 
modulated wavelengths (one for each output node). 
A modulated wavelength is a wavelength that has 

25 been modulated by data to be transmitted. The N 
distinct modulated wavelengths from all N input 
ports and headed for the same output node are 
then re-multiplexed and forwarded to the corre- 
sponding central switching fabric output port, which 

30 is an output port of a corresponding multiplexor. 
Each central switching fabric output port corre- 
sponds to a given output node to which it is linked 
by means of an optical fiber link connected to the 
associated output interface (links 161-164 connect- 

35 ed to output interfaces 135-138 respectively). 

The optical signal carried by each optical link 
(161-164) coming from the central switching fabric 
150 is received by the corresponding output inter- 
face (135-138 respectively). Each output interface 

40 demultiplexes the received optical signal into its N 
distinct modulated wavelengths. Each modulated 
wavelength carries data coming from a different 
input node. After the optical signals, from different 
wavelengths have been demultiplexed and the in- 

45 formation they carried received, data are made 
available to the output node which then forwards 
them to their final destination. Each output node 
provides a clock signal (RCKA, RCKB, RCKC and 
RCKD for output nodes 131-134 respectively) 

50 which is used to synchronize how data are read 
from the output interface. Note again that the clock 
signals from different output nodes need not be 
identical. 

A more detailed description of the wavelength 
55 division switching system described above is now 
provided. The structure of a n input interface is first 



detailed and possible implementations of the trans- 
mitters and the multiplexor are discussed. The 



5 
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structure of a central switching fabric based on 
using Mach-Zehnder filters is then briefly ex- 
plained, and the wavelength assignment is pre- 
sented and related to the switch fabric itself. Fi- 
nally, the structure of the output interface is de- 
tailed. The descriptions are made with reference to 
FIG. 2 to FIG. 6 and N = 4 is assumed. 

As shown in FIG. 2 an input interface receives 
simultaneously four data streams, one for each 
output node. It is assumed that the four signals are 
re ceived byte-wise and are stored in separate 
buffers (220, 230, 240 and 250 for output nodes A, 
B, C and D respectively). The byte format of the 
received data is used for illustration purposes only 
and any other format could potentially be used. 
The write clock (WCK) for the buffers is provided 
by a clock generator 210 to each of the four buffers 
220, 230, 240 and 250. The clock generator 210 
also generates a read clock RCK, used to read 
data out of the buffers, and a bit clock BITCK eight 
times faster than RCK (assuming byte-wide buff- 
ers). Note that, for simplicity, one common clock 
generator is used for the whole input interface. 
Different clock generators could, however, be used 
for data stream inputs destined to different output 
nodes as they need not be synchronized. 

During each cycle of the RCK clock, data bytes 
are read from the buffers 220, 230, 240 and 250 
and loaded into the paralleMn-serial-out shift regis- 
ters 222, 232, 242 and 252. Within each cycle of 
RCK the 8 bits loaded into the shift registers are 
read out serially at BITCK and forwarded to the 
respective optical transmitters 224, 234, 244 and 
254 each operating at a different wavelength. The 
output signals (modulated wavelengths of the trans- 
mitters 224, 234, 244 and 254 are then multiplexed 
through a multiplexor 260 and transmitted over the 
optical link 151. 

Several solutions can be used to implement 
the transmitters and the associated multiplexor in 
the input interface. One solution integrates both the 
transmitter and the multiplexor on the same device. 
Such an approach is described in U.S. Pat No. 
3,908,121 to LA. Riseberg et al., issued Sept. 23, 
1975. Another possibility is to have separate sour- 
ces and a multiplexor. In other words, the transmit- 
ters are, for example, individual lasers operating at 
different wavelengths and the multiplexor is a sepa- 
rate device such as the one described in U.S. Pat. 
No. 4.483,582 to S.K. Sheem. issued Nov. 20, 1984 
or a Mach-Zehnder filter simiiar to those used in 
the switch fabric. As we shall see, this solution is 
potentially preferable as it reduces the number of 
distinct parts used in the system. 

The wavelengths assigned to the different 
trangmittorQ dpppnrl nn hnth thR output nnn> tn 
which the transmitters send data and the input 
interface where they are located. In other words, a 
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transmitter sending data to, for example, output 
node A is assigned a different wavelength in each 
input interface. This is required so that output 
nodes can receive data simultaneously from all 

5 input nodes. In addition to satisfying the above 
requirement, the assignement schemes described 
in this invention takes into account the structure of 
the central switching fabric Its purpose is best 
understood after describing the central switching 

w fabric which first requires a brief explanation of the 
structure of the fabric. 

We assume that N - 2 n and that the N distinct 
wavelengths used are equispaced by frequency t 
The structure of the fabric based on using Mach- 

75 Zehnder filters is now described. Such fabric has a 
tree structure where the multiplexing/demultiplexing 
function is gradually performed at the branch 
points of the tree, where a branch point has two 
branches extending therefrom. 

20 With each demultiplexer of the central switch- 

ing fabric, the first branch point receives modulated 
wavelengths W1, W2, ... WZ n , and separates them 
into two equal first subgroups. One first subgroup 
contains all odd numbered modulated wavelengths 

25 W1, W3, W(2 n - 1). while the other first subg- 
roup contains even numbered modulated 

wavelengths W2, W4 W2 n . Each first subgroup 

is then assigned to one of the pair of first branches 
extending from a first branch point. The partition is 

30 achieved by properly adjusting the length differ- 
ence AA of the two arms of the first branch point 
(Mach-Zehnder filter (AA = 

c 



where c is the velocity of light in a vacuum, r is the 
refractive index of the waveguide, and / is the 
frequency spacing between wavelengths). For a 

to more detailed explanation see reference 17. Each 
of the second branch points of the demultiplexer 
acts in a similar manner, by separating again in- 
coming wavelengths into two second subgroups of 
equispaced modulated wavelengths (each second 

45 branch point uses A/i =AA/2 ). For example, the 
first subgroup containing modulated wavelengths 
W1, W3, .:. W (2 n = 1) are partitioned into one 
second subgroup containing modulated 
wavelengths W1, W5, .... W (2" -3) and another 

50 second subgroup containing modulated 

wavelengths W3, W7 (2 n -1). Each second 

subgroup is then assigned to one of a pair of 
second branches extending from a corresponding 
second branch point A similar partition is per- 

55 formed with even numbered modulated 

wav e lengths. — These — successive — partiti o ns — intcr 

smaller and smaller subgroups with alternate mod- 
ulated wavelengths continue until each of the n-th 

6 
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subgroups consists of a single modulated 
wavelength, at which point the demultiplexing is 
completed. The frequency separation S x between 
wavelengths in any x-th subgroup can be obtained 
by the formulas S x = 2 X (0 where f is the frequency 
separation in the original group of wavelengths W1 , 
W2, ... WN. Then, each n-th subgroup which con- 
sists of only one modulated wavelength is assigned 
to a corresponding n-th branch which is actually an 
output of the demultiplexer of the central switching 
fabric. The above assignment of first, second, ... 
and n-th subgroups to branches shall be referred to 
as an assignment scheme for a demultiplexer. 

Shown in FIG. 3.1 is a schematic illustration of 
a demultiplexer of the switching fabric, and the 
associated assignment scheme for that demul- 
tiplexer. The multiplexor in this example has an 
input port 151i, one first branch point 30, two first 
branches 32 and 34, two second branch points 36, 
38, and four second branches or outputs 41-44. 
Shown are N = 4 modulated wavelength Wt, 
W4 being demultiplexed into N distinct modulated 
wavelengths. The four distinct modulated 
wavelengths are separated at first branch point 30 
into two distinct first subgroups with each first 
subgroup having N/2 = 2 modulated wavelengths. 
One first subgroup has modulated wavelengths W1 
and W3, while the other first subgroup has modu- 
lated wavelengths W2 and W4. The one first subg- 
roup is assigned to a first branch 32 extending 
from first branch point 30, while the other first 
subgroup is assigned to first branch 34. The first 
subgroups are then further separated at second 
branch points 36 and 38 to form four distinct sec- 
ond subgroups. Since the second subgroups have 
only one modulated wavelength in each second 
subgroup, no further separation is required. The 
second subgroups are assigned to corresponding 
second branches 41-44. This assignment of subg- 
roups to branches is referred to as an assignment 
scheme for a demultiplexer of the switching fabric. 
The second branches in this case (n = 2) are 
actually the outputs of the demultiplexer, and these 
outputs will ail appear in one of the N horizontal 
planes. The position of these outputs relative to 
one another is referred to as the output position in 
the horizontal planes. For example, W1 could be 
said to be in the first output position while W3, W2 
and W4 could be said to be in the second, third 
and fourth output positions respectively. As dis- 
cussed in the next paragraph, other demultiplexers 
of the switching fabric will also have assignment 
schemes similar to the above assignment 
schemes. Further, there will be four output posi- 
tions for each of the demulti plexors, and the same 
output pnsitinn in fhft fhnr hnri7nnta1 planes will 



tained, the other assignment schemes for the de- 
multiplexors is merely a permutation of the first 
assignment scheme obtained. An assignment 
scheme, however, is not just any permutation of 

s the original assignment scheme obtained. There 
are certain restrictions. First, no two outputs (n-th 
branches) in the same output position of any two 
demultiplexers have the same wavelength assigned 
thereto. Second, each subgroup for each assign- 

io ment scheme will have the same wavelengths 
therein. Third, and finally, each pair of subgroups 
assigned to branches extending from a common 
branch point must always be assigned to branches 
extending from the common branch point in any 

75 assignment scheme. Using the above assignment 
schemes, along with the restrictions, if the modu- 
lated wavelength appearing on each output of each 
demultiplexer corresponds to modulated 
wavelength assigned to each output (n-th branch), 

20 there will be N horizontal planes with N distinct 
modulated wavelengths appearing in each plane. It 
should be noted that there are as many assignment 
schemes as demultiplexers in the switching fabric. 
In addition, for any given output position in the N 

25 horizontal planes, there will be N distinct modu- 
lated wavelengths. Moreover, since the same out- 
put position in N horizontal planes lies in a vertical 
plane, there will be N distinct modulated 
wavelengths in each of the N vertical planes. The N 

30 modulated wavelengths in each vertical plane are 
then multiplexed so that a signal having N modu- 
lated wavelengths appears at each output port of 
each mutliplexor. Shown in FIG. 3.2 is a schematic 
illustration of one (550) of the four multiplexors of 

35 the central switching fabric. Note that the inputs 45- 
48 all lie in a vertical plane 505. Note also that the 
modulated wavelengths appearing at these inputs 
correspond to modulated wavelengths appearing at 
the first output position of the four demultiplexers. 

40 See FIG. 5. 

Referring to FIG. 2. there is shown a schematic 
illustration of the input interface (115) node A (1 1 1). 
The other input interfaces are similar in structure. 
With reference to FIG. 2, the transmitters 224, 

45 234, 244 and 254 are used for transmission to 
output nodes A, B, C and D using wavelengths W1, 
W2, W3 and W4 respectively. The table given in 
FIG. 4 gives the complete wavelength cor respon- 
dence, where 'In* indicates the input interface 

so where the transmitters are located and 'Out 1 gives 
the destination output node. 

The above correspondence satisfies the re- 
quirement that each input uses different 
wavelengths for each output and that for a given 

55 output the wavelengths used by each input are 
different. The m ain feat ure of co rr espondence is, 



appear in one of the N = 4 vertical planes. Once 
one assignment scheme for a demultiplexer is ob- 



however, its impact on the structure of the central 
switching fabric as illustrated in FIG. 5 when used 
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with the assignment scheme for each of the demul- 
tiplexers of the switching fabric. 

Referring to FIG. 5, the central switching fabric 
150 receives the optical signals coming from the 
four input interfaces A, B, C and D (115-118 of FIG. 
1, respectively) on four incoming optical links 151- 
154 respectively. Similarly, the switch fabric for- 
wards optical signals to the four output interfaces 
A. B, C and D (135-138 of Fig. 1 respectively on 
four outgoing optical links 161-164). For clarity, 
only two (161 and 162) of the four outgoing optical 
links are represented in the figure. 

The incoming optical links 151-154 are con- 
nected to the demultiplexers at input ports 151i- 
154i t respectively. These demultiplexers use Mach- 
Zehnder interferometer type filters and are ob- 
tained by simple modification (permutation) of the 
assignment scheme shown in FIG. 3.1. Such de- 
multiplexors, as described in [18]can be imple- 
mented using an integrated wave-guide structure 
on a silicon substrate (other types of implementa- 
tions are possible, see for example [11]). This 
allows for small compact devices. The different 
assignment schemes for the various multiplexors 
(510, 520, 530, 540) of the switching fabric can be 
obtained by simple permutation of subgroups be- 
tween branches extending from the same branch 
point The four assignment schemes, one for each 
of the four demultiplexers, are also shown in FIG. 
5. Notice that the assignment scheme for demul- 
tiplexer 510 is the same as the assignment scheme 
shown in FIG. 3.1. Also, observe that the array of 
outputs of the four multiplexors and the modulated 
wavelengths assigned thereto corresponds to the 
array of wavelengths shown in FIG. 4. These per- 
mutations are chosen such that the ordering of the 
demultiplexed wavelengths present at the n-th 
branches (outputs of the demultiplexers or 
"leaves") of the tree-structured demultiplexers 510, 
520, 530 and 540 corre sponds to the ordering 
specified in rows A, B, C and D respectively of the 
wavelength correspondence table shown in FIG. 4. 
Other variations of table 4 would also be permis- 
sible, such as permuting the rows or columns of 
table 4. 

Referring again to FIG. 5, in the switch fabric 
the demultiplexers 510, 520, 530 and 540 are 
stacked on top of each other so that their output 
(leaves) are vertically aligned. Notice, that the out- 
puts of each demultiplexer tie in a corresponding 
horizontal plane while the inputs of each multi- 
plexor lie in a corresponding vertical plane. Shown 
in FIG. 5 are four such horizontal planes (501-504) 
and two (505-506) of four such vertical planes, 
although the planes could be merely two sets of 
planes with pianos in ftanh set hftinrj parallrel nr 



planes. However, all of the planes in the first set 
must intersect all of the planes in the second set. 
Because the wavelength assignment schemes take 
into account the tree-structure of the demultiplex- 

5 ors, the outputs of the demultiplexers which are 
aligned along a vertical axis carry distinct 
wavelengths and are destined to the same output 
node. This means that wavelengths destined to the 
same output now always lie on the same vertical 

to axis (or in the same output position in N horizontal 
planes) and can therefore easily be recombined 
while avoiding any line crossing. 

Referring to FIG. 4, the input to output 
wavelength correspondence is determined by the 

75 assignment scheme used to construct each demul- 
tiplexer of the switch fabric. Once the assignment 
of n-th subgroups to n-th branches is complete, the 
wavelength correspondence is set. The require- 
ment is that for any output position of the demul- 

20 tiplexors used in the switch fabric all the associated 
wavelengths must be from distinct wavelengths. As 
there are 2 ,og N = N permutations of the tree 
structure such that, for any output position of the 
demultiplexers, the wavelengths are distinct, it is 

25 possible to obtain the complete wavelength cor- 
respondence by systematically constructing all the 
above assignment schemes of the tree structure. 
The table of FIG. 4 illustrates this construction in 
the case N = 4. If one wishes to transmit data from 

30 input port B (152i) to output port D (164o), one 
could see from table 4, that one must modulate 
wavelength W2 with the data. 

Multiplexing the wavelengths heading for a giv- 
en output port simply requires that a multiplexor or 

35 coupler be vertically butted to the same output 
position of the horizontally stacked demultiplexers 
which position lies along the appropriate vertical 
axis, and in the N horizontal planes. Multiplexing 
can be achieved using either standard couplers or 

40 multiplexors symmetrical in structure to the switch 
demultiplexers 510, 520, 530 and 540. This ap- 
proach is assumed in FIG. 5 where multiplexor 550 
is symmetrical to demultiplexer 510 and, similarly, 
multiplexor 560 is symmetrical to demultiplexer 

45 520. In general, it can be seen that the multiplexor 
for output node k is identical to the demultiplexer 
for input node k, where k = A, B, C, or D. Such a 
solution presents the additional advantage of de- 
creasing the number of parts needed in the sys- 

50 tern. 

The optical signals from different wavelengths 
and headed for the same output are recombined in 
the multiplexors, and then they are transmitted over 
optical fiber links (for example, over link 161 from 
55 multiplexor 550) which are connected to a cor- 
responding output interf a ce . It should be noted th a t 



non-intersecting within the fabric. A set of the latter 
planes will be referred to as non-intersecting 



the switch fabric is entirely passive and simply 
routes incoming optical signal to an appropriate 
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output port. 

After being sent over an optical fiber link leav- 
ing the switch fabric 150, the optical signal carrying 
information from all input nodes and destined to a 
given output node is received by the corresponding 
output interface. The structure of such an output 
interface, for example output interface 135, is de- 
scribed in FIG. 6. The optical signals consisting of 
four modulated wavelengths from wavelengths W1 , 
W2, W3 and W4 arrive over the opticai fiber link 
161, for example. As mentioned earlier, the cor- 
respondence of wavelengths W1, W2, W3 and W4 
to input and output ports depends on which output 
port they are destined for and from which input 
port they came. These wavelengths can be de- 
duced by reference to the table of FIG. 4. For 
example, wavelength W3 from input port A (151i) 
corresponds to output port B (162o), and 
wavelength W3, from input port B (152i) corre- 
sponds to output port A. Thus, if one wished to 
transmit data from input port A to output port B, 
one would transmit the modulated wavelength W3 
(modulated by the last mentioned data) through the 
switching fabric 1 50. 

Referring to the output interface shown in FIG. 
6, an incoming optical signal is first demultiplexed 
into its individual wavelength components (or into N 
distinct modulated wavelengths) in a demultiplexer 
620, for example. The demultiplexer used can be 
of any type available but, as mentioned earlier, is 
likely to be identical to the demultiplexers used in 
the switch fabric so as to minimize the number of 
parts used in the system. Once the optical signal 
has been demultiplexed, each wavelength compo- 
nent is forwarded to its own receiver (630, 640, 650 
and 660 for W1, W3, W2 and W4 respectively). 
Receivers 630, 640, 650 and 660 convert the op- 
tical signal into an electronic signal and provide an 
input to the associated clock generators 632, 642, 
652 and 662. The clock generators provide two 
clock signals. The first one, BITCK. gives the bit 
clock for the received signal and is used to load 
bits into the serial-in-parallel-out shift registers 634, 
644, 654 and 664. The second signal, WCK, is 
synchronized to BITCK but eight times slower. It is 
used to write, every cycle, the byte contained in 
the shift registers 634, 644, 654 and 664 into the 
corresponding buffers 636, 646, 656 and 666. Note 
that the clock signals, WCK and BITCK, provided 
by the different clock generators need not be in 
phase or even identical. 

Once the data bytes have been written into the 
buffers 636, 646, 656 or 666, each associated to 
information originating from a given input node, 
they are available to the output node. The output 
nnrte usas the nlnck ROK tn rear! data hytns nut of 



Claims 

1 . In a wavelength division switching network hav- 
ing a central switching fabric which has N demul- 

5 ti plexors with each demultiplexer having one input 
port and N outputs, said N outputs for each demul- 
tiplexer lying in a single plane of a first set of N 
nonintersecting planes of said switching fabric, said 
fabric also having N multiplexors with each of said 

10 multiplexors having N inputs and one output port, 
said N inputs of each of said multiplexors lying in a 
single plane of a second set of N nonintersecting 
planes of said switching fabric, each input in each 
plane of said second set of planes in optical con- 

75 tact with only one output in only one of said first 
set of planes with no two inputs of said each plane 
of said second set of planes in optical contact with 
outputs on the same plane of said first set of 
planes, a method of transmitting from any one of 

20 said input ports of demultiplexers to any one of 
said output ports of said multiplexors comprising 
the steps of: 

a) for each data stream to be transmitted to one 
of said output ports of said N multiplexors, mod- 

25 ulating a particular wavelength of N wavelengths 
with said each data stream to be transmitted 
from an input port of one of said N demultiplex- 
ers to an output port of a selected one of said N 
multiplexors, said particular wavelength corre- 

30 sponding to said input port and said selected 
output port; 

b) multiplexing, for each input port of said mul- 
tiplexors, said N wavelengths, modulated as in 
step (a), said N wavelengths to be transmitted to 

35 N different output ports of said N multiplexors; 

c) demultiplexing N modulated wavelengths, 
multiplexed in step (b), with one of said demul- 
tiplexers into distinct modulated wavelengths by 
separating said N modulated wavelengths at a 

40 first branch point of said one demultiplexer into 
two distinct first subgroups of N/2 modulated 
wavelengths with each first subgroup being as- 
signed to one of two first branches extending 
from said first branch point, said each first subg- 
45 roup of N/2 modulated wavelengths being fur- 
ther separated at a corresponding second 
branch point on each one of said first branches 
into two distinct second subgroups of N/4 modu- 
lated wavelengths resulting in four distinct see- 
so ond subgroups with each second subgroup be- 
ing assigned to one of a pair of second 
branches extending from a corresponding sec- 
ond branch point, further separating, if neces- 
sary, said second subgroups as above until 
55 each n-th subgroup has only one modulated 
wavelength, with the n-th branches of said one 



buffers 636, 646, 656 and 666 and forwards them 
to their final destination. 



demultiplexer being said N outputs of said one 
demultiplexer, thereby forming for one said de- 
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multiplexor as assignment scheme of subgroups 
to branches with a respective assignment 
scheme for each other of said demultiplexers 
being a permutation of said assignment scheme 
for said one demultiplexer when N modulated 
wavelengths are demultiplexed as above by 
each other of said N demultiplexors, the assign- 
ment scheme of subgroups to said n-th 
branches being different for said each of said 
demultiplexors, with no two outputs in the same 
output position of any two of said demultiplexors 
having the same wavelength assigned thereto, 
with each subgroup for each assignment 
scheme still having the same wavelengths there- 
in and with each pair of subgroups assigned to 
branches extending from a common branch 
point still being assigned to branches extending 
from a common branch point, thereby having N 
distinct modulated wavelengths from said N dis- 
tinct wavelengths assigned to said N outputs of 
said each demultiplexer, the modulated 
wavelength appearing on said each output of 
said each demultiplexer corresponding to modu- 
lated wavelengths assigned thereto, with no two 
modulated wavelengths from the same 
wavelength appearing in the same output posi- 
tion of two planes of said first set of N planes, 
thereby having N distinct modulated 
wavelengths from said N distinct wavelengths in 
the same output position in said first set of N 
planes, which sard same output position in said 
first set of N planes lies in one plane of said 
second set of N planes, thereby having N dis- 
tinct modulated wavelengths from said N distinct 
wavelengths appearing on said N inputs of said 
each multiplexor, said N inputs of said each 
multiplexor being in one plane of said second 
set of N planes; and 

d) multiplexing N modulated wavelengths at N 
inputs of each of said N multiplexors, thereby 
having N modulated wavelengths from said N 
distinct wavelengths at each single output port 
of said each multiplexor with each of said N 
modulated wavelengths at each output port be* 
ing transmitted from a different input port of said 
N demultiplexors. 

2. A method as recited in claim 1, wherein said first 
set of planes has N parallel planes and said sec- 
ond set of planes has N parallel planes. 

3. A method as recited in .claim. 1, wherein said first 
set of planes has N horizontal planes and said 
second set of planes has N vertical planes. 

4. In a wavelength division switching network hav- 
ing a central switching fabric which has N demul- 
tiplexers with each demultiplexer having one input 
port a n d N out p uts, said N out p uts for each demu l - 



10 



15 



20 



25 



30 



35 



40 



50 



55 



planes with N outputs in each of said horizontal 
planes, said fabric also having N multiplexors with 
each of said multiplexors having N inputs and one 
output port, said N inputs lying in a single vertical 
plane, said switching fabric thus having N parallel 
vertical planes with N inputs in each of said vertical 
planes, each input in each vertical plane in optical 
contact with only one output in only one of said 
horizontal planes with no two inputs of said each 
vertical plane in optical contact with outputs on the 
same horizontal plane of said N horizontal planes, 
a method of transmitting from any one of said input 
ports of demultiplexors to any one of said output 
ports of said multiplexors comprising the steps of: 

a) for each data stream to be transmitted to one 
of said output ports of said N multiplexors, mod- 
ulating a particular wavelength of N wavelengths 
with said each data stream to be transmitted 
from an input port of one of said N demultiplex- 
ors to an output port of a selected one of said N 
multiplexors, said particular wavelength corre- 
sponding to said input port and said selected 
output port; 

b) multiplexing, for each input port of said de- 
multiplexors, said N wavelengths, modulated as 
in step (a), said N wavelengths to be transmitted 
to N different output ports of said N multiplex- 
ors; 

c) demultiplexing N modulated wavelengths, 
multiplexed in step (b), with one of said demul- 
tiplexers into distinct modulated wavelengths by 
sepa rating said N modulated wavelengths at a 
first branch point of said one demultiplexer into 
two distinct first subgroup of N/2 modulated 
wavelengths with each first subgroup being as- 
signed to one of two first branches extending 
from said first branch point, said each first subg- 
roup on N/2 modulated wavelengths being fur- 
ther separated at a corresponding second 
branch point on each one of said first branches 
into two distinct second subgroups of N/4 modu- 
lated wavelengths resulting in four distinct sec- 
ond subgroups with each second subgroup be- 
ing assigned to one of a pair of second 
branches extending from a corresponding sec- 
ond branch point, further separating, if neces- 
sary, said second subgroups as above until 
each n-th subgroup has only one modulated 
wavelength, with the n-th branches of said one 
demultiplexer being said N outputs of said one 
demultiplexer, thereby forming for one said de- 
multiplexor an assignment scheme of subgroups 
to branches with a respective assignment 
scheme for each other of said demultiplexors 
being a permutation of said assignment scheme 

for said one demultiplexer when N modu l ated 



tiplexor lying in a single horizontal plane, said 
switching fabric thus having N parallel horizontal 



wavelengths are demultiplexed as above by 
each other of said N demultiplexors, the assign- 
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ment scheme of subgroups to said n-th 
branches being different for said each of said 
demultiplexers, with no two outputs in the same 
output position of any two of said demultiplexers 
having the same wavelength assigned thereto, 
with each subgroup for each assignment 
scheme still having the same wavelengths there- 
in and with each pair of subgroups assigned to 
branches extending from a common branch 
point still being assigned to branches extending 
from a common branch point, thereby having N 
distinct modulated wavelengths from said N dis- 
tinct wavelengths assigned to said N outputs of 
said each demultiplexer, the modulated 
wavelength appearing on said each output of 
said each demultiplexer corresponding to modu- 
lated wavelengths assigned thereto, with no two 
modulated wavelengths from the same 
wavelength appearing in the same output posi- 
tion of two horizontal planes, thereby having N 
distinct modulated wavelengths from said N dis- 
tinct wavelengths in the same output position in 
said N horizontal planes, which said same out- 
put position in said N horizontal planes lies in 
one of said vertical planes, thereby having N 
distinct modulated wavelengths from said N dis- 
tinct wavelengths appearing on said N in puts of 
said each multiplexor, said N inputs of said each 
multiplexor being in one of said N vertical 
planes; and 

d) multiplexing N modulated wavelengths at N 
inputs of each of said N multiplexors, thereby 
having N modulated wavelengths from said N 
distinct wavelengths at each single output port 
of said each multiplexor with each of said N 
modulated wavelengths at each output port be- 
ing transmitted from a different input port of said 
N demultiplexers. 

5. A method as recited in claim 4, wherein said 
branch points are Mach-Zehnder filters and said 
branches are the outputs of said filters. 

6. A method as recited in claim 4, wherein one of 
said first subgroups comprises even numbered 
wavelengths W2, W4, W6, ... which are equally 
spaced by a frequency spacing 2f and the other of 
said first subgroups comprises an odd set of 
wavelengths W1, W3, W5, ... which are equally 
spaced by frequency spacing 2f. 

7. A method as recited in claim 4, where two of 
said second subgroup comprises odd numbered 
wavelengths separated by frequency spacing 4/. 

8. A method as recited in claim 4 wherein two of 
said second subgroups comprises even numbered 
wavelengths separated by frequency spacing 4 f. 

9. A method as recited in claim 4 wherein each of 
said x-th subgroups has wavelengths separated bv 



1 0. In a wavelength division switching network hav- 
ing a central switching fabric which has N demul- 
tiplexers with each demultiplexer having one input 
port and N outputs, said N outputs for each demul- 
5 tiplexor lying in a single horizontal plane, said 
switching fabric thus having N parallel horizontal 
planes with N outputs in each of said horizontal 
planes, said fabric also having N multiplexors with 
each of said multiplexors having N inputs and one 
io output port, said N inputs lying in a single vertical 
plane, said switching fabric thus having N parallel 
vertical planes with N inputs in each of said vertical 
planes, each input in each vertical plane in optical 
contact with only one output in only one of said 
is horizontal planes with no two inputs of said each 
vertical plane in optical contact with outputs on the 
same horizontal plane of said N horizontal planes, 
each demultiplexer of said fabric having a tree 
structure with Mach-Zehnder filters as branch 
20 points of said structure with a pair of outputs from 
each filter being branches of said structure, a 
method of transmitting from any one of said input 
ports of demultiplexors to any one of said output 
ports of said multiplexors, comprising the steps of: 
25 a) for each data stream to be transmitted to one 
of said output ports of said N multiplexors, mod- 
ulating a particular wavelength of N wavelengths 
with said each data stream to be transmitted 
from an input port of one of said N demultiplex- 
30 ors to a selected output port of one of said N 
multiplexors, said particular wavelength corre- 
sponding to said input port and said selected 
output port; 

b) multiplexing, for each input port of said de- 
35 multiplexors, said N wavelengths, modulated as 

in step (a), said N wavelengths to be transmitted 
to N different output ports of said N multiplex- 
ors; 

c) demultiplexing N modulated wavelengths, 
40 multiplexed in step (b), with one of said demul- 
tiplexors into distinct modulated wavelengths by 
separating said N modulated wavelengths as a 
first Mach-Zehnder filter of said one demultiplex- 
er into two distinct first subgroups of N/2 modu- 

45 lated wavelengths with each first subgroup being 
assigned to one of two first branches extending 
from said first Mach-Zehnder fitler, one of said 
first subgroups having even numbered 
wavelengths W2, W4, W6 which are equally 

so spaced by a frequency space 2f and the other 
of said first subgroups equally spaced by fre- 
quency spacing 2/, said each first subgroup of 
N/2 modulated wavelengths being further sepa- 
rated at a corresponding second Mach-Zehnder 

55 filter on each one of said first branches into two 
distinct sireond subgroups of N/4 modulated 



frequency spacing 2*(/) where x is an integer and 1 
£ x< n. 



wavelengths resulting in four distinct second 
subgroups with each second subgroup being 
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assigned to one of a pair of second branches 
extending from a corresponding second branch 
point, each of said second subgroups having 
wavelengths which are equally spaced by a fre- 
quency space 4 f, further separating as above, s 
said second subgroups into equally spaced sub- 
groups with correspondingly wider frequency 
spacing 2*(/) where x is the x - th subgroup, 
said separating continuing until each n-th subg- 
roup has only one modulated wavelength, with 10 
the n-th branches of said one demultiplexer be- 
ing said N outputs of one each demultiplexer, 
thereby forming for said one demultiplexer a 
respective assignment scheme of subgroups to 
branches with a respective assignment scheme is 
for each other of said demultiplexers being a 
permutation of said assignment scheme for said 
one demultiplexer when N modulated 
wavelengths are demultiplexed as above by 
each other of said N demultiplexers, the assign- 20 
ment scheme of subgroups to said n-th 
branches being different for said each other of 
said demultiplexers, with no two outputs in the 
same output position of any two of said demul- 
tiplexers having the same wavelength assigned 25 
thereto, with each subgroup for each assignment 
scheme still having the same wavelengths there- 
in and with each pair of subgroups assigned to 
branches extending from a common branch 
point still being assigned to branches extending 30 
from a common branch point, thereby having N 
distinct modulated wavelengths from said N dis- 
tinct wavelengths assigned to said N outputs of 
said each demultiplexer, the modulated 
wavelength appearing on said each output of 35 
said each demultiplexer corresponding to modu- 
lated wavelengths assigned thereto, with no two 
modulated wavelengths from the same 
wavelength appearing in the same output posi- 
tion of two horizontal planes, thereby having N 40 
distinct modulated wavelengths from said N dis- 
tinct wavelengths in the same output position in 
said N horizontal planes, which said same out- 
put position in said N horizontal planes lies in 
one of said N vertical planes, thereby having N 45 
distinct modulated wavelengths from said N dis- 
tinct wavelengths appearing on said N inputs of 
said each multiplexor, sand N inputs of said 
each multiplexor being in one of said N vertical 

planes; and so 

d) multiplexing N modulated wavelengths at N 
inputs of each of said N multiplexors, thereby 
having N modulated wavelengths from said N 
distinct wavelengths at each single output port 
of said each multiplexor with each of said N 55 

modul a ted wave l engths being transm i tted from a 

different input port of said N demultiplexers. 
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